Electrochromic windows using Nb205, Nb705-Li20, Nb205-Ti02 and Nb205-Mo03 sol-gel layers as cathodic coloring electrodes and Ce02-Ti02 as anodic ion-storage electrode have been assembled and tested. In agreement with a theoretical estimation, the switching behavior of these devices is strongly dependent on the difference between the internal potential of the electrochromic and the ion-storage electrodes. Only the configuration using a Nb2O5-Mo03 layer enters in consideration for long-time switching within the safe voltage range -2.5V < V< +2.5 V. All other cells require larger negative potentials.
INTRODUCTION
An electrochromic device consists of an electrochemical cell which changes its color on application of a voltage. For transmissive systems a sandwich geometry is usually used with two half-cells combined by an electrolyte (liquid or solid).
The first half cell consists of glass I transparent conductive layer I electrochromic layer and the second one of glass I transparent conductive layer I ion storage layer. Such devices can be used as windows in cars and buildings. Many devices have been built with W03 as coloring electrode [1-6] but only one is reported with Nb205 [1]. It was assembled by Orel et al. using a sol-gel Nb205-Li2O film deposited by dip-coating technique on FTO (Sn02:F) glass with molar ratio LiINbO, 1 and sintered at 500 °C. The cell was assembled in the sandwich configuration using SnO2:Sb:Mo as ion storage layer and a Li-containing ormolyte as ion conductive layer. The device exhibited a gray color in the colored state, a transmission change of 45 % and a good reversibility. Its lifetime was short because the voltage used to cycle the cell was relatively high. This paper discusses first the electrochemical properties of six EC cells made with either pure or doped Nb2O5 materials as EC electrodes and Ce02-Ti02 layers as ion-storage electrode calculated according to the graphical model of Bullock and Branz [1 1]. The theoretical predictions are then compared to the experimental results.
EXPERIMENTAL
All electrochemical measurements (films and devices) were realized using an EG&G 270 A potentiostat I galvanostat (Princeton Applied Research). The determination of the electrochromic properties of the films were performed using a special three electrode cell. The counter electrode was a platinum foil and the reference electrode was a 0,0 1 M solution of AgC1O4 dissolved in the used electrolyte in contact with a silver wire. The electrolyte was a 1 M solution of LiClO4 dissolved in propylene carbonate (PC). The potentiostatic insertion ofthe lithium ions was realized at -2.2 V vs. AgIAgClO4 for 120 5 and the bleaching at +1.0 V vs. AgIAgC1O4 for 120 s. Amperometric measurements were carried out at -2.5V and +1 .0 V and the coloring-bleaching cycles with -2.5V and +2.5 V each during 120 s. Coulometric titrations were performed with a constant current of -2.5 iAIcm2. Cyclic voltammograms were obtained at a scan rate of 50 mVIs.
The determination of the density of the layer was realized using a Siemens D 5000 x-ray reflectometer and software. The optical spectra in the ultraviolet-visible-near infrared (UV-Vis-NIR) range were recorded in situ with a CARY 5E spectrophotometer (Varian). The transmission spectra were measured before (Tbleached ' bleached state) and after (TcoIored colored state) the insertion of Li-cations. The change of the optical density was calculated from these measurements according to AOD = [7] . The light transmittance was calculated according to DIN EN 410 (eq. 1) where D is the relative radiation function of the light D65, t(A.)is the measured spectral transmission, V(2) is the spectral ratio for the sensibility ofthe human eye for day-light and AX is the spectral bandwidth [8] .
The configuration of the cells were: glass I FTO I Nb205 based electrode I liquid electrolyte I Ce02-Ti02 1 FTO I glass. The sheet resistance of the commercial FTO-glass (Libbey Owens Ford) was 17 Qo. The liquid electrolyte was a 1 M solution of LiC1O4 in propylene carbonate (PC). The distance between working (Nb205) and counter (Ce02-Ti02) electrode was 1 mm. The devices had a size of 8x4 cm2. Working [12] and counter electrode [5] were prepared by the sol-gel process and deposited by dip-coating technique.
THEORETICAL MODEL
An important parameter for the realization of an electrochromic device is the internal chemical potential difference (emf) of the electrochromic electrode (EC) and the ion storage (IS). This parameter, introduced by Rauh and Cogan [9] , plays an important role in the reaction voltage. The current needed to color a cell can be expressed as [10] : (2) R R
where Ve S the effective coloring voltage, R is the sum of the resistances to electronic and ionic currents in the various layers, Va 15 the applied voltage, Vb is the sum of all interface barriers and Is and IEC are the internal potential differences (emf) of the IS and EC layers. Bullock and Branz [1 1] have also reported a graphical method to determine a useful cell configuration and to predict their performance. While the method is fully described in their paper it is worthwhile to summarize the procedure in our particular case. From the coulometric titrations of the IS and EC layers, equipotential curves have been drawn in the x-y plane of LiMeO (EC layers) and LiMe'O (IS layer). These lines have been then superimposed with the Li-conservation lines determined by: y=y0+rx (3) . Qo with yo = 1 (4) qp1 PECdEC and r= (5) where Q0 is the total charge of mobile ions, q the electron charge, PEC and Pis are the molar densities of the EC and IS films and dEc and d15 the respective film thicknesses. The intersections of the Litconservation lines with the applied voltage contours give the relations x(V) and y(V). With this model different device geometries and material candidates were compared. It should be noted that the calculated voltages are only approximate as in this calculation the resistances of the films are not taken in consideration. 4 . RESULTS AND DISCUSSION The above procedure has been applied to six electrodes: two Nb205 coatings sintered at 450 °C and at 600 °C, a Nb205*O.lLi2O, coating sintered at 500 °C, a Nb205*O.6TiO2 coating sintered at 600 °C and a Nb205*O.4MoO3 coating sintered at 500 °C and to a Ce02-Ti02 ion storage electrode. The structural and electrochromic properties of the niobia based coatings are reported in another paper of these proceedings [12] . Figure 1 shows the Fermi potential of the layers calculated from the coulometric titration curves. For pure Nb205one observed that the Fermi potential increases with the sintering temperature. It does not change significantly for Nb205:Li and Nb205:Ti but a large decrease is observed for 2O5Mo Within the safe applied voltage to be used (±2.5 V), all electrochromic layers can incorporate a large amount of Li ions up to x1 . For the ion storage layer, Ceo2-Ti02, only a small amount of Li up to ca. y0 =0, 14 can be intercalated. For this determination it was assumed a maximum value y0 = 0, 14 (eq. 4) for the ion storage electrode. In the figure it is also superimposed the straight lines corresponding to the values ofr ranging from 0,05 to 1 (eq. 5). From the intersection of the set of curves the cell voltage can be obtained for this particular layer configuration. They are reported in figure 3 .The results show that the amount of Li ions (x) which can be intercalated and consequently the change in the transmittance of such a cell should considerably increase when the value of r decreases. In other words for such a configuration of materials the thickness of the IS electrode should be made larger than the thickness of the EC electrode. Figure 4 shows the calculated voltages obtained for r 1 for devices built with the IS layer (Ce02-Ti02) and all EC layers. Although the value r 1 probably not the best value to be chosen to build a cell (too low x-value) the results indicate that niobia doped with molybdenum will color with the lowest applied voltage, that within the safe range of voltage only a small amount of Li ions (x 0.12 -0.15) can be incorporated in any of the EC layers and that finally a small amount of Li (x 0.02) will always remain in the layer in the bleached state. Remembering that the predictions of this graphical determination are only qualitative, as the electric resistance of the layers are not taken into consideration, the prediction has been experimentally qualitatively verified. . 6 ) also confirms the results. The cell with the molybdenum doped film exhibits an intercalation peak at -1 .1 V. The peaks of the other cells appear at much more negative potentials and the current density and consequently the change in optical density are smaller. For example the peaks for the cell with Nb205 which was sintered at 600 °C appears at -1 .9 V. The influence of the parameter r (eq. 5)on the cycling behavior and the prediction of the model (see fig. 3 ) has been tested with 4 cells. Each one was built with a 180 nm thick Nb205:Mo coating as EC electrode and the thickness of the ion storage electrode has been varied from 240 nm (1 layer) to ca. 950nm (4 layers). In this way the values of r have been estimated to r -0.67 ( 1 layer), 0.33 (2 layers), 0.22 (3 Layers) and 0. 17 (4 layers). Figure 7 shows the behavior of the intercalated charge density obtained up to 12,000 cycles while figure 8 shows the value of the change of the photopic transmittance At (eq. 1) calculated from the variation of the transmission data. Both values increase rapidly with the number of cycles, pass by a maximum after a certain number of cycles and then rapidly decrease. The increase in charge (x) and At predicted for an increase of the thickness of the IS layer is only partially observed. When comparing the largest amount of charge exchanged and the value of x the value grows from 8 mC/cm2 for 1 layer to 1 5 mC/cm2 for 2 layers and then tend to saturate to 1 8 mC/cm2 for 3 layers and 1 6.5 mC/cm2 for 4 layers. This non linear behavior is not yet understood. As these maximum values depend on the number of cycles realized and are followed by a drastic decrease, it seems that a corrosion is occuring at the electrolyte I IS interface. The values of r may therefore increase during the cycles in an unpredicted way and this may explain the failure of the model. Also for increasing thickness of the IS layer the electrical resistance of the layer increase accordingly and decrease considerably the effective coloring voltage. The largest amount of lithium ions exchanged (18 mC/cm2) is obtained with a 3-dip IS layer while half of the charge can be inserted with a 1-dip layer. The maximum change of light transmittance does not vary practically when 2, 3 or 4 IS layers are used. In each case the maximum lies at frt = 0.28.
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